We performed a retrospective analysis to evaluate treatment outcomes and the risk of fatal hemorrhage by tumor regression when definitive concurrent chemo-radiotherapy (CCRT) was delivered to patients with non-small cell lung cancer (NSCLC) invading adjacent great vessels on radiological findings. We selected 37 unresectable NSCLC patients with adjacent great vessel invasion (GVI) by carefully reviewing each patient's images. The criteria of definite GVI were as follows: irregular indentation at the tumor-vessel contact border, slit-like narrowing of adjacent great vessels by the tumor, presence of intra-luminal mass formation, tumors contacting >5 cm of adjacent great vessel and obliteration of the intervening fat plane between tumor and adjacent great vessel, and/or tumors contacting more than half of the circumference of the aortic wall. All of the patients completed the CCRT, of which the median dose was 66.0 Gy (range, 59.4-72.0 Gy) with 1.8 or 2.0 Gy per fraction. The 2-year overall survival (OS) rate for total patients was 48.2%. Early nodal staging (P = 0.006) and good performance status (P = 0.044) were identified as independent prognostic factors associated with better OS. There was no fatal complication related to the GVI, such as a sudden death or massive hemoptysis due to vascular rupture after CCRT. We concluded that definitive CCRT for NSCLC patients with GVI on radiological findings has a low risk of fatal complication and it can benefit longterm survival when treated with CCRT in patients with early nodal staging or good performance status.
INTRODUCTION
Non-small cell lung cancer (NSCLC) with great vessel invasion (GVI) is classified into T4 stage according to the American Joint Committee on Cancer (AJCC) [1] . Although the survival benefits of complete surgical resection have been reported in several studies [2] [3] [4] , the majority of patients in this category are managed by nonsurgical treatments widely ranging from only supportive care to chemotherapy and/or radiation therapy (RT).
RT is frequently given to these patients and plays a role in treatments with both palliative and curative intent. While RT with moderate dose (30-40 Gy) is usually used for symptom palliation, higher dose RT with >60 Gy is needed for local tumor control. Concurrent chemo-radiotherapy (CCRT) has been claimed to yield long-term survival benefits in patients with T4 NSCLC based on the results from randomized trials for Stage IIIB NSCLC [5, 6] . However, T4 NSCLC contains diverse groups of patients; in particular, there is no published data on the clinical result of CCRT in the subgroup of T4 NSCLCs with adjacent GVI. NSCLC invading adjacent great vessels has been considered to have a high risk of massive hemorrhage during or after CCRT because rapid tumor regression or necrosis by CCRT may generate defects in tumorinvaded vessels, without allowing time for healing the defects. Many patients in this group have therefore been treated with more conservative treatment modalities than the standard recommendations for Stage IIIB NSCLC, such as sequential chemotherapy and RT, RT alone, or palliative chemotherapy only. On the other hand, this group of patients still belongs to localized Stage IIIB, and certain subgroups, such as patients with good performance status or younger age, may have a better chance of longer survival or even cure with more aggressive treatment options. Therefore, selective patients with NSCLC with GVI have also been treated with CCRT. However, there is little data regarding fatal complications after CCRT and there are no universally accepted treatment guidelines for these patients. We, therefore, performed a retrospective analysis to evaluate treatment outcomes and the risk of fatal complications in NSCLC patients with adjacent GVI on radiological findings after definitive CCRT.
MATERIALS AND METHODS

Study design and patient selection
Between August 1996 and March 2015, 278 patients were registered as having T4 NSCLC with radiological GVI at our institution. All medical records and imaging studies of these patients were reviewed retrospectively. The treatment modalities were determined according to the performance status, patients' preference, or multidisciplinary team approaches. The inclusion criteria were as follows: (i) presence of histologically confirmed NSCLC, (ii) fulfilled the radiological criteria of GVI on computed tomography (CT) or magnetic resonance image (MRI) as described in the following section, (iii) tumor judged unresectable by at least one thoracic surgeon, (iv) absence of any distant metastasis, (v) completion of the treatment course with definitive CCRT. Of the 278 patients, 241 patients were excluded, and the inclusion flow is summarized in Fig 1. Finally, 37 of the 278 patients were included in the current analysis. This study was approved by the Samsung Medical Center Institutional Review Board (2017-10-076).
Great vessel invasion
There are no universally accepted criteria to define GVI by NSCLC on CT or MRI. Therefore, we defined it as radiological findings indicating definite tumor invasion to the great vessels, based on the previous literature [7] [8] [9] as follows: (i) irregular indentation at the tumor-vessel contact border, (ii) slit-like narrowing of adjacent great vessels by the tumor, (iii) presence of an intra-luminal mass formation, (iv) tumors contacting >5 cm of adjacent great vessel and obliteration of the intervening fat plane between tumor and adjacent great vessel, (v) tumors contacting more than half of the circumference of the aortic wall. The GVI was categorized according to five sites as follows: (i) pulmonary artery (PA), (ii) superior vena cava (SVC), (iii) aortic arch (AA), (iv) descending aorta (DA), and (v) heart (H) invasion. Representative images of the GVIs are shown in Fig. 2 .
Pre-treatment evaluation
Pathologic confirmation of NSCLC was performed in all patients by bronchoscopy or percutaneous needle aspiration and biopsy. The diagnostic and staging work-ups included a complete history-taking and physical examination, simple chest X-rays, chest CT scans that routinely covered the liver and adrenal glands, bronchoscopic evaluation with biopsy or washing cytology, blood tests and whole-body bone scans. Chest MRI was performed for three patients. 
Treatment
CCRT with a median dose of 66.0 Gy (range, 59.4-72.0 Gy) and 1.8 or 2.0 Gy per fraction was administered over 6-7 weeks. Cisplatin-based chemotherapy was delivered to 35 patients concurrently with docetaxel (n = 16), paclitaxel (n = 11), etoposide (n = 6), vinorelbine (n = 1) or genexol (n = 1). Two patients received carboplatin-based chemotherapy concurrently with docetaxel (n = 1) or paclitaxel (n = 1).
RT planning
In all patients, contrast-enhanced CT scans were performed in a supine position for 3D planning. CT images with 2.5-5.0 mm thickness were obtained during free breathing. The clinical target volume (CTV) was delineated with a 3-5 mm margin around the gross tumor volume (GTV) for consideration of microscopic tumor extension. The elective nodal irradiation was omitted. The planning target volume (PTV) was generated with an additional margin of 0.5 cm around the CTV to compensate for respiratory movement and set-up uncertainty. The beam margin was 1 cm around the PTV. Radiation dose was prescribed at the isocenter, with correction for tissue heterogeneity. Three or four beam arrangements were typically used to adequately cover the target volume and The reasons for incomplete CCRT were disease progression during the CCRT (n = 2), poor performance status (n = 3), patients' refusal (n = 2), and comorbidities such as lung abscess (n = 2) and pneumonia (n = 1).
minimize the dose to normal tissues such as lung, spinal cord, and esophagus.
Statistical analysis
The actuarial survival rate was determined by the Kaplan-Meier method. The duration of survival was calculated from the date of initiation of RT to the date of the last follow-up or death. The duration of local control (LC) was calculated from the date of initiation of RT to the date of the local failure or last follow-up. Survival differences between groups were compared by the log-rank test, and the Cox proportional hazards regression model was used for multivariate analysis. A P-value of <0.05 was considered statistically significant.
RESULTS
Patient characteristics
Patient characteristics are present in Table 1 . The median age of all patients was 63 years (range, 34-80 years). Eleven patients (30%) were N0 stage. AA invasion was developed in 4 patients, DA in 3, PA in 13, SVC in 10, and H invasion in 11. Simultaneous tumor invasions of 2 great vessels were shown in 4 patients. PA and SVC invasion was shown in 2 patients, and PA and H invasions in 2 patients. No patient received the anticoagulant or anti-angiogenesis drug during the treatment and the follow-up. The distribution in characteristics of the GVI of the tumor according to the radiologic criteria is also summarized in Table 1 . Tumors in 19 patients fulfilled two or more radiological criteria for GVI.
Treatment outcome
At the time of analysis, 24 of the 37 patients (65%) had died. Nineteen patients died of disease progression, and 2 patients died of community-acquired pneumonia and septic shock at 1 month after the completion of CCRT. Treatment-related death occurred in one patient, who died of acute respiratory distress syndrome at 4 months after the completion of CCRT. One of the remaining 2 patients died of aspiration pneumonia due to an esophagobronchial fistula at 5 months after the completion of CCRT, and the other died of hypovolemic shock due to adrenal bleeding at 7 months after the completion of CCRT. The median follow-up period of the living patients was 17 months (range, 2-88 months). Twenty-four patients (65%) have survived over 1 year. The 2-year and 5-year overall survival (OS) rate for the total population of patients was 48.2% and 22.6%, respectively (Fig. 3A) . The median OS was 24 months [95% confidence interval (CI), 0.862-47.138 months] for all patients. Univariate and multivariate analysis for OS is summarized in Table 2 . By univariate analysis, early N stage (0-1), and good European Cooperative Oncology Group performance status (0-1) were significantly associated with better OS. Invasion site, however, was not associated with OS.
At the time of analysis, 23 patients (62%) had experienced recurrence. The patterns in failures are summarized in Fig. 4 . The progression-free survival (PFS) rates at 2 and 5 years were 32.6% and 21.4%, respectively (Fig. 3B ). The LC rates at 2 and 5 years were 49.0% and 42.9%, respectively (Fig. 3C) .
Critical events accompanying hemoptysis occurred in two patients during the follow-up period. One patient was a 68-year-old male and he had a tumor invading the left PA (Fig. 5A) . He received CCRT of 66 Gy in 33 fractions with weekly cisplatin and taxotere. He experienced hemoptysis at 17 months after CCRT and underwent the emergent angiography, which revealed a hemorrhage in the bronchial artery. Then, embolization of the bronchial artery was performed. At the time, there was no evidence of a left PA rupture in the CT scan (Fig. 5B) . He died of progressed disease at 44 months after CCRT. The other patient was a 66-year-old male and he had a tumor with a heart invasion (Fig. 5C ). He received CCRT of 63 Gy in 35 fractions with cisplatin and etoposide. He experienced hemoptysis at 2 months after CCRT. He underwent close observation and supportive care in an intensive care unit. At 2 months after the onset of hemoptysis, there was no evidence of the heart rupture in the follow-up CT scan (Fig. 5D) . He died of progressed disease at 55 months after CCRT. Otherwise, there was no fatal complication related to the vascular rupture, and there was no sudden death due to great vessel rupture by rapid tumor regression or necrosis after CCRT.
DISCUSSION
The management of T4 NSCLC with adjacent GVI is challenging. Although aggressive surgery has been performed in selected patients [2] [3] [4] 10] , it is generally considered unresectable, and CCRT has yielded the best outcome so far, based on the results from randomized trials for Stage IIIB NSCLC [5, 6] . However, there is a concern about the risk of leakage of great vessels after tumor regression caused by CCRT and there is limited published data on this issue. The current study showed that there was no fatal hemorrhagic event among 37 patients who were treated with CCRT for NSCLC with adjacent GVIs, and there was a treatment outcome with 2-year and 5-year OS rates of 45.5% and 21.4%, respectively-more favorable than that of total T4 NSCLCs [11] . This finding suggests that CCRT with a curative aim rather than just a palliative aim may be feasible in these patients, especially when they have good performance status or early N stage.
Surgery is also selectively recommended for NSCLC invading great vessels, and favorable outcomes have been reported [2-4, 10, 12, 13] . However, the surgical resection often results in an increased risk of postoperative complications, such as vascular leakage or hemodynamic dysfunction, because the anastomosis of involved great vessels or vascular grafts is frequently required. Furthermore, curative surgery for such patients is frequently not possible after thoracotomy due to the discovery of additional disease extension such as unresectable N3 disease or pleural metastases. Various studies showed that incomplete resection (R1 or R2 resection) had a worse OS [14] [15] [16] [17] [18] . Therefore, CCRT may be more appropriate than surgery for this type of patient if there is no increased risk of fatal complications due to the CCRT.
There are few studies reporting the fatal complications after definitive RT or CCRT for NSCLC with adjacent GVI. Lee et al. reported late complications in patients who received ≥66 Gy for unresectable Stage III NSCLC [19] . Two cases of fatal hemoptysis were observed, one of which had Stage IIB (T4N1) disease and developed massive hemoptysis at 4 months after the completion of Table 1 . Continued Characteristics Number of patients (%) *Radiological criteria for GVI is as follow: 1. irregular indentation at the tumor-vessel contact border, 2. slit-like narrowing of adjacent great vessels by the tumor, 3. presence of intra-luminal mass formation, 4. tumors contacting >5 cm of adjacent great vessel and obliteration of the intervening fat plane between tumor and adjacent great vessel, and 5. tumors contacting more than half of the circumference of the aortic wall. Fig. 3 . Kaplan-Meier curves of (A) overall survival, (B) progression-free survival, and (C) local control. RT. The original site of the hemoptysis, however, could not be identified by autopsy. Cho et al. [20] conducted a phase II study of concomitant boost to the GTV with concurrent chemotherapy for patients with unresectable stage III NSCLC. They reported two cases of sudden death with hemoptysis during RT in patients with T4 lesions with involvement of great vessels and concluded that rapid shrinkage of tumors due to the use of accelerated RT (daily 2.4 Gy) concurrently with chemotherapy might have caused perforations of the great vessels. They recommended conventional RT rather than an accelerated schedule for tumors that invade great vessels. Since we did not experience any fatal hemoptysis or hemorrhage after CCRT for NSCLC with GVI using conventional fractionation, the fraction size of the daily RT when combined with chemotherapy may be of concern. In more recent studies, the clinical outcomes of RT for NSCLC with PA invasions that were graded according to the proximities and invasiveness of the tumor to the PA on radiological finding were evaluated [9, 21] . The investigators observed sudden death from massive hemorrhage in 10.5-50% after definitive RT for tumors invading the PA extensively, with signs of vessel wall damage. The authors also argued that severe PA invasion and large PA volume irradiated with a high dose appeared to be associated with inferior OS. Those studies, however, did not present the correlation between massive hemorrhage and the damage to a particular great vessel, explicitly. As in the current study, the possibility that the hemorrhage after the completion of definitive RT resulted from the rupture of another vessel such as bronchial artery rather than invaded PA, cannot be excluded. This obscurity in the causality between massive hemorrhage and PA damage is due to several reasons, as follows. First, the autopsy or radiological data regarding the cause of the massive hemorrhage is almost impossible to obtain after the sudden death of the patient. Although the current study utilized the CT scan and angiography and revealed that the causes of the hemoptysis were ruptures of bronchial artery, in other studies the precise locations of the hemorrhage were not evaluated. Second, in spite of using strict criteria for GVI, it is difficult to prove whether there is true GVI inducing the defect and hemorrhage in the invading site after definitive CCRT because of the lack of histologic data that can validate the radiological criteria. Therefore, we cannot exclude the possibility that images strongly indicating GVI might not correspond to true GVI. The accuracy of diagnostic images in indicating GVI has been reported rarely, and the optimal imaging modality for diagnosis of GVI by thoracic tumor has not yet been determined. Uramoto et al. evaluated the accuracy of diagnosis of aortic invasion of lung cancer, and the authors observed no true aortic invasion in intraoperative assessment, even though the radiologic finding strongly suggested the likelihood of aortic invasion [8] . Other studies reported that cine MRI might improve the accuracy in detection of GVI by intrathoracic tumors [22, 23] . The sample numbers of these studies, however, were extremely small. Therefore, further large-scaled studies which compare the radiological finding with operative or histological findings are necessary.
Continued
Nevertheless, in the current situation, in which only diagnostic images are available, our results suggest that definitive CCRT might not elevate the risk of great vessel rupture in the patients who are considered to have definite GVI by NSCLC according to the radiological criteria. However, as the previous studies have suggested, particular caution would be required in the selection of the dose regimen and the RT planning to reduce the high dose volume in the great vessels [9, 20, 21] .
The present study has several limitations. By its retrospective nature, there is inevitably selection bias in the present study. The sample size of the study patients is also too small to confirm the low risk of definitive CCRT in great vessel rupture. Although prospective study is required, such study is difficult to perform due to the rarity of the disease. Therefore, a larger retrospective study will be needed to verify our results.
In conclusion, definitive CCRT for patients with unresectable clinical T4 NSCLC invading adjacent great vessels on radiological findings may have a low risk of fatal complications related to the rupture or leakage of the involved vessels; those patients with good performance status may have to be treated rather actively with CCRT and may show long-term survival.
